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I. INTRODUCTION
In the field of semiconductor spintronics [1] [2] [3] remarkable progress has been made during the past few years, in particular with silicon. 4, 5 Magnetic tunnel contacts have emerged as a robust approach to inject and detect spin accumulation in a semiconductor (SC) at room temperature, 6, 7 and significant understanding of the physics of spin transport across a magnetic tunnel contact to a semiconductor has been obtained. 4, 5 The progress in silicon spintronics has also stimulated research activities with other technologically important semiconductor materials, such as Ge, [8] [9] [10] [11] while a variety of oxides (Al 2 O 3 , 6 SiO 2 , 12 and crystalline MgO [8] [9] [10] [13] [14] [15] ) have been successfully employed as tunnel barrier in spin tunnel contacts to a SC.
Calculations have predicted very high tunneling magnetoresistance 16, 17 (TMR) for crystalline Fe/MgO/Fe magnetic tunnel junctions, and large room temperature TMR has indeed been realized. 18, 19 The high tunnel spin polarization (TSP) also makes the crystalline Fe/MgO a system of interest for use in magnetic tunnel contacts to a semiconductor. Besides the large TSP, the crystalline nature of the contacts may also cause anisotropy in the TSP, as found previously for epitaxial (Ga,Mn)As/GaAs contacts. 20 For Si, anisotropy between in-plane and out-of-plane magnetization has recently been reported for devices with an amorphous Al 2 O 3 tunnel barrier. 21 However, anisotropy of spin tunneling in MgO-based tunnel contacts to Si has not yet been investigated. Since the anisotropy ultimately arises from spin-orbit interaction, it is of interest to investigate the tunneling anisotropy in silicon devices with crystalline MgO/Fe tunnel contacts.
Here we report the anisotropy of spin accumulation in silicon arising from the anisotropy of spin-polarized tunneling in crystalline Fe/MgO/Si tunnel devices, when the magnetization is rotated either in plane or out of plane. For out-of-plane rotation of the magnetization, the tunnel resistance does not follow a simple cosine variation, implying that signals of different origin coexist. These tunnel devices also display an in-plane anisotropy with fourfold symmetry that reflects the cubic structure of the crystalline Si/MgO/Fe device. Surprisingly, we also observe in-plane anisotropy in silicon devices with an amorphous Al 2 O 3 tunnel barrier and polycrystalline ferromagnet, suggesting a new mechanism of tunneling anisotropy. We attribute it to coherent spin-polarized tunneling across the contact, such that the anisotropy of the tunneling process reflects the cubic symmetry of the crystalline silicon electrode.
This article is organized as follows. Section II describes the sample preparation, structural characterization, and measurement principle. In Sec. III, we first describe the experimental results for out-of-plane tunneling anisotropy in crystalline p-type Si/MgO/Fe tunnel devices. Then we describe the fitting procedure and discuss the results. This is followed by the data on in-plane tunneling anisotropy obtained on magnetic tunnel contacts with a crystalline MgO/Fe contact, and with polycrystalline MgO or an amorphous Al 2 O 3 barrier. At the end of this section similar measurements on a control device with zero TSP are shown. A summary is included at the end of the article in Sec. IV.
II. Experiment

A. Device fabrication
The crystalline Fe/MgO tunnel contacts were prepared using the standard fabrication process 6, 22 on p-type Si wafers with (001) orientation and B doping, with carrier density of 4.8 × 10 18 cm −3 and resistivity of 11 m cm at 300 K. By using wet etching, contact holes were defined through 300 nm of SiO 2 , grown at 1150
• C on silicon-on-insulator (SOI) wafers with a 3 μm active Si layer. After etching, the silicon substrates were introduced into an ultrahigh vacuum chamber followed by annealing at 700
• C for 10 min. Subsequently MgO and Fe layers were deposited at 300
• C and 100
• C, respectively. To avoid the oxidation of the magnetic layer, samples were covered by a 20-nm-thick Au capping layer. Subsequently, the ferromagnetic electrode was patterned using Ar-ion milling. This was followed by another lithography step and sputter deposition of Cr/Au contact metals. All the measurements described here have been performed at 300 K on tunnel devices with a contact area of 100 × 200 μm 2 . The Si/Al 2 O 3 /ferromagnet tunnel devices were prepared on n-type as well as p-type SOI wafers. For n-type (As-doped) FIG. 1. (Color online) RHEED patterns of (a) the Si surface after annealing at 700
• C, (b) the MgO layer deposited at 300
• C, (c) the Fe layer deposited at 100
• C, and (d) the corresponding high-resolution TEM image of the sample.
Si, with a 5-μm-thick active Si layer, the resistivity and carrier concentration were found to be 3 m cm and 1.8 × 10 19 cm −3 , respectively, at 300 K. The p-type silicon has the same electrical parameters as given above for devices with MgO/Fe tunnel contacts. For making amorphous Al 2 O 3 /Si contacts, the contact holes of area 100 × 200 μm 2 were made through SiO 2 by using wet etching. After loading the Si substrate into the ultrahigh vacuum chamber, Al 2 O 3 was deposited by electron-beam (e-beam) evaporation from a single crystal Al 2 O 3 source. A plasma oxidation for 2.5 min was carried out to compensate for the oxygen vacancies known to occur during e-beam evaporation of Al 2 O 3 . This was followed by the e-beam deposition of the ferromagnetic layer and the Au cap layer at room temperature. Subsequently, the ferromagnetic electrodes were patterned in a lithography step followed by ion beam etching. Finally, Cr/Au contact layers were deposited by using sputtering.
B. Structural characterization
Structural analysis of the tunnel contacts was performed using in situ reflection high-energy electron diffraction (RHEED) and high-resolution transmission electron microscopy (HRTEM). Figure 1(a) shows the RHEED pattern on the Si surface after annealing at 700
• C for 10 min. A Si surface with well-defined (2 × 1) reconstruction is obtained. The subsequent deposition of MgO on this reconstructed surface results in a spotty pattern [ Fig. 1(b) ] corresponding to MgO (001). Finally, after deposition of the Fe layer at 100
• C, a spotty RHEED pattern corresponding to crystalline Fe(001) is observed [ Fig. 1(c) ]. The HRTEM image [ Fig. 1(d • with respect to the MgO lattice. 15 These structural characterizations confirm the crystalline nature of the tunnel contacts.
It should be noted that if the annealing of the silicon substrate at 700
• C is omitted, a 1 × 1 RHEED pattern of the Si surface is obtained. Subsequent MgO and Fe deposition at 300
• C, respectively, results in MgO and Fe layers that are polycrystalline. 15 The anisotropy of these devices has also been studied for comparison. Finally, from previous structural characterization of Si/Al 2 O 3 /ferromagnet tunnel devices, it is known that the resulting aluminium oxide barrier and the ferromagnetic electrodes are amorphous and polycrystalline, respectively.
23,24
C. Measurement principle
Two types of anisotropy measurements, namely the field scan and the angle scan, have been performed. In the field scan, the angle φ out between the applied field and the surface normal [see Fig. 2(a) ] is kept fixed while varying the field strength. The Hanle 6 curve is obtained with the magnetic field perpendicular to the tunnel interface (i.e., φ out = 0
• , 180
• , and 360
• ) and the magnetization lying in the plane of the ferromagnetic layer. On the other hand, with a field parallel to the tunnel interface (i.e., φ out = 90
• and 270 • ) and the magnetization still in the plane of the layer, an inverted Hanle curve is obtained. 22 In the second type of measurement, the angle scan, the field strength is fixed at 50 kOe, and the direction of the field is changed by rotating the sample. This rotation can be done in the out-of-plane direction (i.e., by varying φ out ) or in the in-plane direction. For the latter, the in-plane field angle φ in is defined as the angle between the field (or the magnetization direction) and the (100) crystal axis of the Si electrode [ Fig. 2(b) ]. For fields of 50 kOe applied in plane, the magnetization is always pointing along the field direction. However, with the applied field out of plane and 0
• < φ out < 90
• , the magnetization of the magnetic thin film makes a finite angle θ = (φ M − φ out ) with the applied field due to shape anisotropy 21 (see also Sec. III A1). Here, φ M represents the angle between the magnetization direction ( m) and the surface normal [ Fig. 2(a) ].
In Fig. 2 , we depict the measurement geometry using the three-terminal method for spin injection and detection. 6 A constant current I bias results in a voltage V = V Si − V FM across the tunnel contact. We adopt the bias convention such that V < 0 (or > 0) corresponds to hole injection (extraction) into (from) the valence band of p-type silicon. By changing the angle φ out (or φ in ), and applying a fixed bias current I bias , across the tunnel contact, the voltage is plane). The anisotropy originates from spin-orbit interaction at the interface between the ferromagnet and the tunnel barrier. The last term V ASA [ μ(φ out ,φ in )] refers to a voltage signal arising from an anisotropic spin accumulation (ASA), i.e., a spin accumulation μ(φ out ,φ in ) that depends on φ out and/or φ in . This can be expected if the tunnel spin polarization of the magnetic contact is anisotropic which leads to a spin accumulation μ in the silicon that depends on φ out and/or φ in . In addition, an anisotropic spin-relaxation time τ s in the silicon will also result in an anisotropy of μ.
III. Experimental results
We performed out-of-plane as well as in-plane tunneling anisotropy measurements on magnetic tunnel devices made on p-type silicon with a crystalline MgO/Fe tunnel contact. On the other hand, only in-plane tunneling anisotropy measurements will be shown for tunnel contacts with amorphous Al 2 O 3 and a polycrystalline ferromagnetic layer. For the latter case, a detailed study of the out-of-plane tunneling anisotropy has been reported previously.
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A. Out-of-plane tunneling anisotropy
Hanle and inverted Hanle measurements are shown in Fig. 3(a) for a spin-tunnel contact with a 2.5-nm-thick MgO as a tunnel barrier. The field scan with the field perpendicular to the tunnel interface results in a symmetric Hanle (red) peak around zero field. By increasing the field, spin precession reduces the signal. A further increase of the field results in an upturn in the signal due to rotation of the magnetization of the ferromagnet towards the out-of-plane direction. Above approximately 22 kOe, when the magnetization has aligned itself with the external field, meaning that there is no more spin precession, the signal settles (it increases only slightly with a linear slope, which is attributed to a background signal). On the other hand, when the applied field is parallel to the tunnel interface, the inverted Hanle curve (blue) is obtained. The inverted Hanle curve exhibits a suppression of the spin signal in the absence of external field due to spin precession in spatially inhomogeneous local magnetostatic fields arising from the finite roughness of the interfaces of the ferromagnetic layer. 22 At a sufficiently large in-plane field, the signal recovers and becomes independent of the external field.
At 50 kOe, irrespective of the field direction, there is no spin precession because the magnetization, external field, and spins injected into the silicon all have the same orientation. Nevertheless, the Hanle and inverted Hanle curves settle at two different levels. As shown in Fig. 3(a) , at 50 kOe these curves have a difference of about ≈ 440 μV. This result is reproduced in the angle scan measurement shown in Fig. 3 angle scan in Fig. 3(b) shows that the measured voltage has a nonsinusoidal variation with the field angle. This suggests that different contributions to the tunneling anisotropy coexist, as noted previously for tunnel contacts with amorphous Al 2 O 3 tunnel barrier. 21 For the same tunnel device, Fig. 4 shows the bias variation of the change in resistance R = R(φ out ) − R(φ out = 0
• ), where R(φ out ) = V meas /I bias is the resistance at a field angle φ out . The tunnel resistance has four local minima at ≈40
• , 160
• , 215
• , and 340
• for all bias voltages. Another two local minima can be seen at ≈90
• and ≈270
• but only for negative bias voltages. Nevertheless, the overall shape of the signal does not change much with bias voltage.
Analysis and discussion of out-of-plane anisotropy
For further analysis, we compare the anisotropy with the spin resistance, defined as Fig. 3(a) . The quantity R spin is proportional to the spin accumulation. The bias variation of the spin resistance is shown in Fig. 5(a) . As observed earlier, 6 ,28 the spin resistance is larger for V < 0 (hole injection) and decays almost linearly for V > 0 (hole extraction). We compare this to the out-of-plane anisotropy signal, i.e., R out = R φ out =90 • − R φ out =180 • , shown in Fig. 5(c) . It has a bias variation similar to the spin resistance. We also define the out-of-plane tunneling anisotropy as [R(φ out = 90
• ) − R(φ out = 180
• )]/R(φ out = 180 • ). As shown in Fig. 5(b) the tunneling anisotropy decays almost symmetrically with bias voltage. Finally, the regular resistance of the contact versus bias voltage is shown in Fig. 5(d) . The junction resistance decreases for positive bias voltage, whereas it is increasing for the negative bias voltages.
Next, we describe the fitting of the experimental data with an equation containing terms arising from an anisotropic spin accumulation, Hanle spin precession, and/or TAMR. As found earlier for devices with Al 2 O 3 tunnel barrier, 21 ,27 the measured tunnel resistance for out-of-plane rotation of the magnetization can be described by an equation that consists of terms with twofold and sixfold symmetry:
where A 0 is a constant and A 1 and A 2 are the fitting parameters. 29 The factor cos 2 (φ M − φ out ) in the last term is due to Hanle spin precession due to the small misalignment between field and magnetization arising from magnetic shape anisotropy of the thin magnetic layer. 21 The magnetic shape anisotropy of a thin (≈20 nm) ferromagnetic film favors a magnetization direction parallel to the surface, i.e., within the film plane, whereas an external field of 50 kOe favors the magnetization to align with it. As a result, the external field and the magnetization are not perfectly aligned, but they make a different angle φ out and φ M [ Fig. 2(a) ] with the surface normal, respectively. 21 Due to this misalignment of the magnetization and the external field, the spins injected into silicon make an angle θ = φ M − φ out with the field, thereby leading to the spin precession in the Si, even at a field of 50 kOe. The net signal due to this effect will be proportional to the spin accumulation, i.e., to R spin cos 2 (φ M − φ out ). The fits to the data using Eq. (1) are shown as solid black lines in Fig. 4 . Reasonably good fitting to the data can be achieved by considering terms with twofold and sixfold symmetry. It is found that inclusion of a tenfold term improves the fitting with the data (not shown), but it does not affect the other terms. We therefore limited ourselves to terms up to sixfold symmetry. The fitting parameters A 1 and A 2 for this tunnel contact are shown in Fig. 6 . The A 1 is negative, over the full bias range. It is almost constant for V < 0 and For the interpretation of these results, we will use the following criteria. 21 The spin resistance R spin is proportional to the spin accumulation μ in the silicon. Thus, if any of the fitting parameters (i.e., A 1 or A 2 ) behaves as a function of bias in the same way as R spin does, then we assume that the corresponding anisotropy comes from the anisotropic spin accumulation term V ASA [ μ(φ out )]. Both A 1 and A 2 have a bias variation that is similar to R spin and to the junction resistance, although A 1 seems to follow R spin more closely (except for the opposite sign), whereas A 2 follows the tunnel resistance more closely. While the difference is small, this suggests that the term A 1 is dominated by anisotropy of the spin accumulation, whereas A 2 is mostly due to TAMR.
B. In-plane tunneling anisotropy
In-plane tunneling anisotropy refers to the change in the tunneling resistance when the magnetization is rotated within the plane of the magnetic layer. We measure the signal in threeterminal configuration by rotating the sample [i.e., by changing the angle φ in ; see Fig. 2(b) ] in an in-plane field of 50 kOe which is large enough to ensure that the magnetization lies always along the field direction. Devices with crystalline and polycrystalline MgO/Fe tunnel contacts as well as those with an amorphous Al 2 O 3 as a tunnel barrier and polycrystalline ferromagnet have been evaluated to investigate the exact source of the in-plane tunneling anisotropy. We begin with magnetic tunnel contacts to p-Si with crystalline MgO barrier. 
Tunnel contacts with crystalline MgO barrier
A typical measurement on a crystalline MgO/Fe tunnel contact with 2.5 nm MgO is shown in Fig. 7 , taken at a bias voltage (current) of −172 mV (−92.2 μA). The tunnel resistance displays an in-plane anisotropy with fourfold symmetry. It has four minima at ≈45
• , 135
• , 225
• , and 315
• . We define the in-plane anisotropy signal R in as the maximum peak-to-peak change in tunnel resistance when the magnetization is rotated within the plane of the magnetic layer (see Fig. 7 ). In Fig. 8(a) , the bias variation of the in-plane anisotropy signal is shown. A fourfold symmetry is obtained at all bias voltages. At −172 mV, the first minimum in resistance occurs at ≈ 45
• . By increasing the bias voltage from −172 mV to 172 mV, the first minimum position gradually shifts from 45
• to 70
• . The shift in the position of the minima is indicated by a black dotted line in Fig. 8(a) . The bias variation of the in-plane anisotropy signal is shown together with the spin resistance R spin in Fig. 8(b) . It is found that R in and R spin have the same qualitative variation with bias voltage. For V < 0 (hole injection), R in does not vary much, whereas it decays linearly for V > 0 (hole extraction).
Tunnel contacts with polycrystalline MgO barrier
The crystalline quality of the tunnel contacts has been found to influence the magnitude of the spin accumulation created in a semiconductor. 15 Here we examine the effect of crystalline structure of the tunnel contact on the in-plane tunneling anisotropy using a p-Si/MgO/Fe tunnel device with a polycrystalline MgO/Fe tunnel contact. A measurement at a fixed bias current of −582 μA (−172 mV) is shown in Fig. 9 . We obtain a signal with fourfold symmetry and amplitude ≈40 μV, which is less than the signal (≈100 μV) obtained for a tunnel device with a crystalline MgO/Fe contact.
Tunnel contacts with amorphous Al 2 O 3 barrier
The observed in-plane tunneling anisotropy may have different origins, e.g., anisotropic tunnel spin polarization of the magnetic contact and/or the anisotropic spin relaxation time τ s in silicon. 21 In order to investigate the origin of the anisotropy, we also studied devices with an amorphous tunnel barrier and polycrystalline ferromagnet. We performed angle scans on tunnel contacts to p-Si as well as n-Si, which contain a polycrystalline ferromagnet (Fe or Ni or Ni 80 Fe 20 ) and an Al 2 O 3 tunnel barrier that is known to be amorphous. Fig. 10(c) ] as ferromagnetic electrode. However, the change in signal is small: 4-6 μV and 8-10 μV for tunnel devices with Ni and Ni 80 Fe 20 electrodes, respectively. Finally, in Fig. 10(d) , it is shown that a device with an Al 2 O 3 /Fe magnetic tunnel contact to n-type Si has the same fourfold symmetry, with a signal amplitude ≈ 4-6 μV. For the p-Si/Al 2 O 3 /Fe tunnel contact, the bias variation of R in is shown together with R spin in Fig. 11 . We see that R in and R spin have qualitatively the same variation with bias voltage.
Discussion of in-plane tunneling anisotropy
In Table I we have collected the relevant parameters, i.e., the in-plane anisotropy signal R in , the tunnel resistance (R tun = V meas /I bias ), and the spin resistance R spin , obtained on the various tunnel devices at −172 mV. The magnitude of R in depends on the crystalline quality of the tunnel contact as can be seen from the ratios R in /R tun and R in /R spin for these devices significantly. In crystalline tunnel contacts as well as those with polycrystalline ferromagnet and an amorphous tunnel barrier, the signal R in due to in-plane anisotropy is a few percent (2% to 5%) of the spin resistance ( R spin ) and R in qualitatively has the same bias variation as R spin . This suggests that the observed tunneling anisotropy is due to anisotropic spin accumulation in the silicon.
Although the amplitude of the signal depends on the degree of crystallinity of the tunnel contact, in-plane rotation of the magnetization produces a change in tunnel resistance that has a fourfold symmetry for all the tunnel devices, irrespective of the type of ferromagnet, silicon (n or p type), or crystalline structure of the tunnel contact. For the crystalline p-type Si/MgO/Fe tunnel devices, a fourfold in-plane symmetry is a natural consequence of the cubic crystal structure of the MgO/Fe contact. The crystalline MgO/Fe tunnel contacts on p-type Si display a fourfold symmetry with first minima at 45
• at a bias of −172 mV. The minima positions gradually shift to 70
• with a change in bias voltage. It is known that in the Fe/MgO system the states with different symmetries have different tunneling probability. 16, 17 Their relative contribution may change with bias voltage and this may lead to a change in the position of the minima. An in-plane TAMR or tunneling anisotropy was not expected in tunnel contacts with amorphous Al 2 O 3 tunnel barrier and polycrystalline ferromagnet. However, these contacts also displayed fourfold in-plane symmetry. Below, we discuss the possible sources which may produce the observed in-plane tunneling anisotropy.
(a) An in-plane tunneling anisotropy could arise if the Al 2 O 3 tunnel barrier has a crystalline structure so that propagating states from the ferromagnet decay into the tunnel barrier with the symmetry of the ferromagnet/Al 2 O 3 contact. Recently, evidence for crystalline growth of α-Al 2 O 3 on silicon has been reported. 30 However, the Al 2 O 3 has hexagonal structure. Thus any in-plane anisotropy, if it exists, would not have the fourfold symmetry that we observe. More importantly, it is known that the Al 2 O 3 and ferromagnet in our devices are, respectively, amorphous and polycrystalline. 23, 24 Therefore, we do not expect any kind of anisotropy arising from the crystallinity of the Al 2 O 3 /ferromagnet contact.
(b) An anisotropy of the spin-relaxation time (τ s ) in silicon will lead to an anisotropic spin accumulation. We discuss the possible mechanisms that may produce an anisotropy in the spin-relaxation time and hence in spin accumulation. In bulk and unstrained silicon the spin-relaxation time is expected to be isotropic. 31 The Dresselhaus type of spinorbit coupling fields are absent for silicon due to its bulk inversion symmetry. However, due to symmetry breaking at the silicon interface, a contribution from Dresselhaus spin-orbit coupling can be present. This would produce an anisotropy in the spin-relaxation time with fourfold as well as twofold symmetry (see Fig. 4 of Ref. 27 ). Then, a twofold and fourfold anisotropy would be produced in the spin accumulation in the silicon. However, we observe only a fourfold anisotropy in the measured voltage, implying that this mechanism is absent.
Heterostructures such as Si/oxide/ferromagnet have a builtin potential gradient in the growth direction and hence an electric field perpendicular to the tunnel interfaces. This leads to an effective Rashba spin-orbit coupling field. 27 However, the magnitude of the Rashba field is isotropic within the plane of the interface, and will thus not generate an in-plane tunneling anisotropy.
TABLE I. Summary of the in-plane anisotropy data obtained at −172 mV on tunnel contacts to p-Si and n-Si. Here R tun is the tunnel resistance, R spin is the spin resistance, and R in is the maximum peak-to-peak signal for in-plane rotation of the magnetization. (c) Given that the previous two mechanisms are not the source of the in-plane anisotropy, we attribute the anisotropy to a different mechanism that can arise if the tunneling process is coherent. In that case, the propagating states from the ferromagnet couple directly to empty states in the Si. The tunneling states thereby "inherit" part of the character and crystal symmetry of the Si electrode, which is a crystalline wafer with (001) orientation. Together with spin-orbit interaction at the ferromagnet/oxide interface, this may produce an in-plane cubic anisotropy of the tunneling spin polarization, and thereby of the spin accumulation. We suggest that this mechanism, that has previously not been considered, can produce a crystal-induced anisotropy in devices in which only the nonmagnetic electrode (silicon) is crystalline, but the tunnel oxide and ferromagnet are not.
Thus we conclude that the observed in-plane anisotropy in devices with an amorphous Al 2 O 3 barrier is due to a contribution from coherent spin-polarized transport across the tunnel device and reflects the cubic structure of the crystalline silicon electrode.
C. Control device
In spin-transport measurements on semiconductor-based magnetic tunnel devices, it is important to rule out any source of spurious signals that may interfere with the spin signal.
A suitable control experiment was introduced 6, 32 that can be used to prove or disprove spin transport across semiconductor/oxide/ferromagnet tunnel devices. It exploits the extreme interface sensitivity of the spin-polarized tunneling. A nonmagnetic nanolayer inserted between a ferromagnet and a tunnel barrier suppresses the tunnel spin polarization of the magnetic tunnel contact to a negligible value. In such a control device, the true spin-related effects (including the anisotropy) disappear. However, the ferromagnetic materials and any associated spurious effects would still be present. 32 We studied a control sample with structure p-type Si/Al 2 O 3 /Au(10 nm)/Ni 80 Fe 20 . It contains a nonmagnetic nanolayer (10 nm of Au) in between the ferromagnet and the tunnel barrier. shows that signals obtained on the tunnel devices without a nonmagnetic layer are due to spin-polarized transport across the tunnel contact. Therefore, the observed anisotropy is genuine and due to anisotropy of the spin accumulation in the Si.
IV. SUMMARY
We have investigated the crystal-structure dependent anisotropy of spin accumulation in Si/MgO/Fe and Si/Al 2 O 3 /ferromagnet tunnel devices. The in-plane tunneling anisotropy in Si/oxide/ferromagnet tunnel devices displays a fourfold symmetry that reflects the crystal structure of the Si and/or MgO/Fe tunnel contact. The presence of fourfold in-plane anisotropy in devices with an amorphous Al 2 O 3 barrier indicates a new mechanism of tunneling anisotropy. It arises from the direct coupling of states from the ferromagnet to states in the crystalline Si, as in coherent tunneling, which results in an anisotropy that reflects the cubic structure of the silicon.
